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ABSTRACT

A review of some of the basic gas turbine technology

being developed at the NASA John H. Glenn Research
Center at Lewis Field, which may have the potential to

be applied to ground-based systems, is presented in this

paper. Only a sampling of the large number of research

activities underway at the Glenn Research Center can be
represented here.

The items selected for presentation are those that may

lead to increased power and efficiencl/, reduced cycle

design time and cost, improved thermal design, reduced
fatigue and fracture, reduced mechanical friction and

increased operating margin. The topic of improved

material will be presented by Misra et al. in this
conference and shall not be discussed here.

The topics selected for presentation are key research
activities at the Glenn Center of Excellence on

Turbomachinery. These activities should be of interest

and utility to this ISABE Special Forum on Aero-

Derivative Land-Based Gas Turbines and to the power

industry.

INTRODUCTION

A variety of research activities are carried out in a

number of disciplines at the NASA Glenn Research

Center. These discipline activities include fluid
mechanics, heat transfer, combustion, materials,

structures, instrumentation, controls and system

analysis. In all of these disciplines, a combination of

experiments, analyses and computations have been used
in a synergistic fashion. The resulting technology has

provided benefits to the aircraft engine industry as well

as to a large number of other industries: ranging from

automobile to vacuum cleaner manufacturers. The

applicability of the NASA research to ground and

marine power applications is, quite naturally, very
direct and has been utilized to a large extent.

This paper will describe a few selected research

activities underway at the Center that may have

potential application to the ground and marine based
power industry. The material is not totally inclusive due

to space and time limitations, but is representative of

the research with potential applicability. The topics
covered are related to increased power and efficiency

(optical tip clearance measurement technique), reduced

cycle design time and cost (conservation/solution

element algorithm), improved thermal design (turbine

tip heat transfer), reduced fatigue failures
(turbomachinery aeroelasticity analysis), improved

power and efficiency (wave rotors) and reduced friction

and stall control (magnetic bearings).

MEASUREMENT PROBES

Optical Tip Clearance Probe

One way to increase the power and efficiency of gas
turbines is to minimize the loss due to the clearance

between the rotor blade tips and the turbine casing. The

clearance varies with temperature within the turbine.

During startup, the rotor expands faster than the casing
and the clearance is small. As the casing temperature

rises and it expands, the clearance becomes larger.

Higher efficiencies are attained with small clearances.

However, tight clearances lead to case rubbing, tip
erosion and lower efficiencies. New measurement

technology that provides accurate measurement of blade

tip clearances during startup, steady operation and
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shut-downof theturbinecouldleadtoturbinedesigns
thatoptimizetip clearances.Therefore,thejudicious
useofcoolingair tocontrolmechanicalgrowthof the
casingandrotorcouldreduceturbinelosses.

A promisingtechniqueis beinginvestigatedat the
GlennResearchCenter1'2usinga dual laserbeam
integratedfiber optic scanningsystem_brdirect
measurementsand monitoringof rotatingbladetip
clearance.Theoperatingprinciple,shownin Fig.1.
utilizestwoopticalprobesinaradiallytraversingunit.

Thetwobeamsarefocused on the blade tip. As the

probe is advanced radially inward, the separation
between the two reflected light pulses gradually

decreases when a blade is in region I, as shown in the

lower portion of Fig. 1. The two pulses gradually merge

in the focal region, where pulse 1 and pulse 2 are

overlaid. In region II, the pulses again move apart. The
probe actuator is positioned to yield a minimum width

of the merged signal: i.e. pulse 1 (PI) and pulse 2 (P2)
are coincident as shown.

The measurement accuracy is related to the extent of the

focal region. For a typical value of 0.005 inch and

assuming that the probe can be positioned within 20%
of the focal region , the tip clearance resolution can be

0.001 in. The tip clearance at a given operating

condition can be deduced from the amount of probe
travel from the established position of the probe face

relative to the inner edge of the rub strip, and the

statically determined focal length.

The advantage of the optical tip clearance probe over
non-optical types such as capacitance or eddy current

sensors is that it has much higher frequency response

time, the blade tip does not have to be metallic, and the

clearance can be measured directly as opposed to using
calibration. The disadvantage of the optical probe is that

it requires actuation.

The optical probe can potentially be used to calibrate

other types of sensors, such as eddy current devices. In
addition, the optical probe can be used to calibrate the

time-of-flight tip clearance probe J, if high accuracy is

desired and the installation of the traversing probe is not
feasible.

The width of the focal region is much smaller than the
blade width and hence, as the beam coincidence is

approached, the receiving fibers from one probe will
receive some light transmitted by the other probe in

addition to the light transmitted by the particular's

probe single-mode fiber. Therefore, some uncertainty

will exist regarding the source of the signals. However,
it can be seen that in region I, the upper (pressure)

surface of the blade will generate the rising slope of the

signal from the light emanating strictly from probe P1.

Likewise, the suction side of the blade will generate the

falling slope of the signal in region I as the blade leaves
the region. These pulse edges are theretbre defined all

the way to the minimum pulse width. Since the cross

section of the blade tip as traced by a stationary beam

changes as the blade deforms, the minimum pulse width
will change with operating conditions: however, it will

always be associated with the focal plane.

Research activities underway are initially aimed at

integrated design of the actuation mechanism and the

probe seal, to be followed by the fabrication of a

remotely controlled tip clearance probe system

incorporating two laser diodes and the photo detection
circuitry. Testing will be performed in a spin facility

equipped with a prototype fan blisk.

Subsequent work will involve the development of a

feedback control mechanism that will position the probe

so that the beam intersection resides on a passing blade
tip. Successful achievement of this device will provide a

direct measurement of the tip clearance (radial
deflection) for every blade. It is envisioned that a
chordwise distribution will also be obtainable.

COMPUTATIONAL FLUID DYNAMICS

Space-Time Conservation Element And Solution
Element Method (CE/SE)

Higher fidelity computer simulations are being
developed in ordeT" to reduce design cycle time and cost.

As the accuracy of computer calculations are increased,
fewer experimental prototypes are required resulting in

lower development cost. In addition, innovative ideas

such as the recently adopted three-dimensional blade

shape design can be explored on the computer. A
significant reduction in computational "turnaround
time" will also enable three-dimensional viscous

calculations to be used more frequently. At the heart of
these codes is the key issue of the algorithm or method
of solution.

A new algorithm has been developed at the Glenn
Research Center +4. It is different from previous

conventional numerical methods and is characterized by

a fundamentally simple concept: namely the

conservation of flux in both space and time. The CE/SE
method solves a set of integral equations derived

directly from the physical conservation laws. A detailed

description and comparison to conventional finite-

volume upwind methods is given in Ref. 4. The

development of the method was guided by the
requirements that (1) both local and global flux

conservation in space and time is enforced (space and
time are unified and treated on the same basis),
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(2)fluxesare truly multi-dimensionaland directly
evaluatedat theinterfacesof immediateneighboring
cellswithnointerpolationordimensional-splitting,and
(3)bothdependentflowvariablesandtheirderivatives
aresolvedsimultaneouslywithnoneedfor extending
thecomputationstoastencilof cellstoachievehigher
accuracy.It hasbeendemonstratedthatthemethodis
sufficientlyrobustto covera spectrumof inviscid
problemsfrom weaklinearacousticwavesto high
speedflow with shocks.TheCE/SEmethodis a
uniquelynewalgorithmfor solvingproblemswhere
discontinuitiesoccur.The currentstate-of-the-art
algorithmseitherareinherently,dissipativeor require
excessivenumericaldissipationtoensurestableshock
capturing.This maybe a seriousdeficiencywhen
attemptingtosolveflowswithbothshocksandacoustic
wavespresent.Numericaldissipationcanobscurethe
acousticwaves,yieldinginaccurateresults.TheCE/SE
methodminimizesnumericaldissipationand, in
addition,allowsfor simple,effective,non-reflecting
boundaryconditions.The resultingbenefitsare:
reducedimplementationtime,reducedcomputingtime,
andimprovedaccuracy.All thesefactorsareessential
fordesignpurposes.

Todate,computationshavebeencarriedoutforshocks,
rarefactionwaves,vortices,detonationwavesandthe
interactionofanacousticwavewithavortex.A Navier-
Stokesextensionof theanalysishasbeenusedfor
computingshock-boundarylayerinteractions.Other
applicationsof thecodetodatehaveincludedablade-
vortexinteraction,thatcapturedthegenerationofstrong
acousticwaves as well as demonstratedthe
effectivenessofthenon-reflectingboundaryconditions.
Low numericaldissipationhasbeendemonstrated,
indicatingthe usefulnessof this methodfor aero-
acoustics.TheCE/SEmethodcanbe formulatedto
workonunstructuredmeshesenablinganalysisof flow
domainswithcomplexgeometries.

Currently,extensionsto a three-dimensionalinviscid
versionareunderway.Thecriticalissuesremainingfor
verificationof thismethodincludethedemonstrationof
low numericaldissipationon mesheswith widely
varyingcellsize,thecontinuingextensionto viscous
andchemicallyreactingflows.Researchisunderwayto
addressalltheseissues.

TurbineTip Heat Transfer

Turbine blade tips are subjected to high temperatures

associated with the leakage flow through blade tip gaps,
which may result in burnout and/or severe oxidation. In

order to design efficient cooling schemes, it is necessary

to have a detailed knowledge of the gap flow field and

the tip-heating pattern. CFD methods offer the

possibility of determining the effect of selective

parametric variations on the tip flow field and the
associated thermal loading. Three-dimensional heat

transfer computations offer the potential for improved

thermal design.

A multi-block version of the code previously developed

by Arnone et al.S is being currently assessed against

available tip data 6. This code is a general-purpose.
finite-volume. Reynolds-averaged Navier-Stokes code

using a multi-stage Runge-Kutta based multigrid

method, with central differencing and artificial

dissipation a. A k-o)turbulence model developed by

Wilcox and modified by Menter is used. The model

integrates to the walls and no wall functions are used. A
constant value of turbulent Prandtl number (0.9) and

molecular Prandtl number (0.7) are used and molecular

viscosity is assumed to be function of temperature to the

0.7 power.

The most recent code validation has been carried out

using cascade data. Gridpro'" was used to generate the

grids for both a sharp and a rounded tip edge. The
number of grid points was about a million and a half:

with the first cell center point adjacent to the wall

having a non-dimensional distance (y+) of unity or less.

Thirty three points were used in the boundary layers and

65 points were used in the spanwise direction within the

tip region. The grid was generated for the experimental
cascade of ReE 6. Computations for both sharp and

rounded edges were performed with the resulting

streamlines shown in Fig. 2. The experimental heat
transfer coefficients are compared with the computed

results in Fig. 3. Similar comparisons were made for the

sharp edged blade tip with about the same level of

agreement. In order to verify the computational method,
a great deal more data needs to be obtained.

Our current ability to calculate heat transfer appears to

be at a point where it is leading our experimental data
acquisition capability, especially for realistic turbine

operating conditions. Additional turbine tip data is
needed in order to advance our computational accuracy

through improved correlations and/or modeling.

Computational Aeroelasticity

In order to reduce turbomachinery fatigue failures, it is

necessary' to understand the forces that may lead to

blade vibrations as well as the response characteristics

of rotating blades. Issues of life and durability are

critically dependent on the aeroelastic design of the
turbomachinery component.

Aeroelasticity deals with interaction among
aerodynamic, elastic, and inertial forces. In gas turbine
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engines,theflowinggasinteractswiththestationary
elementsandtherotatingbladesof theturbomachinery.
Theunsteadyinteractionbetweentheaerodynamicsand
the structuraldynamicscan leadto two important
phenomenathatcausefailureof thestructure,namely,
flutterandforcedvibrations.

Flutteristheself-excitedvibrationofblades.Thephase
relationshipbetweenthe bladevibrationand the
unsteadyforceon thebladeis crucialin determining
whethertheaerodynamicforcedoesworkontheblade
orviceversa.If workisdoneontheblades,energyis
extractedbythebladefromthefluidflowresultingina
growthin themagnitudeofbladevibrations,orflutter.

ForcedResponseresultsfromtheexcitationof the
structureat its modalfrequencyby aerodynamic
disturbances.The sources of such excitations can be

wakes, shocks, and vorticity associated with upstream

blade rows (or struts) or other flow asymmetry, and
potential effects due to the downstream blade row.

Forced response vibrations could lead to high-cycle

fatigue (HCF) failure. Figure 4 shows a typical
resonance diagram with intersecting lines of natural and
excitation frequencies. Resonant vibrations occur at
intersections of these lines, where the excitation

frequency matches the natural frequency.

In new engines, flutter problems are usually

encountered during development or testing. When

flutter vibrations are encountered, they frequently lead

to costly re-design and re-testing of turbomachinery
components, resulting in delays in development

programs. On the other hand, many forced response

vibration problems are not detected in the development

and testing stage and show up only during operation.
These problems lead to increased maintenance costs,

increased inspection requirements, and unexpected
downtimes due to the grounding of aircraft fleets. To

prevent forced response vibration failures, designers
frequently make blades thicker, which results in a

performance penalty and possibly increased emission.

The prevention of aeroelastic problems requires

accurate numerical modeling tools. Such tools include a

consistent coupling between the unsteady aerodynamics
model and the structural dynamics model.

The potential benefits of improved aeroelastic modeling
include flutter-free operation of highly loaded

turbomachinery stages, reduction of number of stages,
operation closer to stall, and thinner and more efficient

blading. Each of these items has a potential to

contribute to a 1-2% reduced specific fuel consumption

(i.e., reduced fuel burned). These potential benefits are

the main reason that improved aeroelastic modeling is
worth consideration for all turbomachinery applications

(ground-based as well as aircraft engine). In addition,

improved aeroelastic modeling can lead to reduced
design cycle time and cost and reduced maintenance

costs. The importance of accurate aeroelastic modeling
derives from the ability of the designer to know that the

turbomachinery blade designs will not be susceptible to

aeroelastic problems throughout the range of operation.

This knowledge will ensure that the designs are optimal
in terms of performance, and not over-designed because
of aeroelastic considerations.

Flutter and forced response are typically modeled as
being uncoupled. For flutter calculations, the numerical

model is generally restricted to a single blade row and
flow unsteadiness due to upstream and downstream

blade rows is neglected. In the last decade, significant

advances have been made in aeroelastic modeling.
Much of the recent research in aeroelasticity has been

focussed on the unsteady aerodynamics models. There

are two basic approaches to the unsteady aerodynamic
modeling. At the Glenn Research Center, both these

approaches are being pursued. The first approach solves
the non-linear unsteady aerodynamic equations such as
the Reynolds-averaged Navier-Stokes or Euler
equations in a time-accurate manner. The second

approach 7, solves a linearized form of these equations.
The linearized forms of the equations are obtained from

the non-linear equations when one assumes that the

unsteady disturbance is small compared to the mean

flow. Efficient solutions of the linearized equations are
possible by assuming that the unsteady disturbance is

harmonic, which eliminates the explicit time-

dependence. For the flutter problem, only the inception

of flutter is typically of interest. That is. it is important
to know the operating conditions under which flutter

onset occurs. The actual details of the transient response
in flutter are less important. For this reason, linearized
methods are well suited for flutter calculations. For

forced response problems, the magnitude of the

unsteady disturbance cannot always be assumed to be

small, and the linearized approach may not always be

applicable. In either case, the computational efficiency
of the linearized method makes it most suitable for

repetitive design-oriented calculations.

Aeroelastic analysis can be performed using either a

frequency domain or a time domain approach.
Historically, the unsteady aerodynamics models were
based in the frequency domain and thus. it was natural

to use the frequency domain approach in aeroelasticity.
With the availability of time-accurate CFD-based

unsteady aerodynamic analysis, the time domain

aeroelastic analysis 8 has become available as an option.
The time domain approach allows a nonlinear

aeroelastic calculation that simultaneously includes
effects of blade vibration and unsteady aerodynamic
excitation.
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Recently,at the GlennResearchCenter,a new
advancedfluttercode_hasbeendevelopedandisbeing
validated.In thiscode,fluttermodelingis basedona
time-accuratenonlinearReynolds-averagedNavier-
StokesCFDmodelfor a singlebladerow.Thecode
incorporatesthedynamicdeformationof thebladesand
thebladestructuraldynamicscharacteristics(namely,
vibrationfrequencyandmodeshape).Also,at the
GlennResearchCenter,a new advancedforced
responsecodeisbeingdevelopedandvalidated.Inthis
code,forcedresponsevibrationmodelingisbasedonan
unsteadyaerodynamicReynolds-averagedNavier-
StokesCFDcodefortwobladerowswiththeblades
assumedto berigid.Asanoption,asinglebladerow
canalsobemodeledwith theupstreambladerow
influencerepresentedby a time-varyingdisturbance
(gust)attheinletboundary.Theunsteadyforcesona
bladerowfromsuchanalysesareusedin astructural
analysisalong with blade structuraldynamics
characteristicsand aerodynamicdampingassociated
withbladevibrationtocalculatetheresultingdynamic
stressesontheblade.

An importantareaof ongoingandfutureresearchin
propulsionaeroelasticityattheGlennResearchCenter
is an effort to improveunsteadyaerodynamics
modeling.Improvementswill includebetterviscous
modelingforseparatedflows,betterturbulencemodels,
improvedtransitionmodeling,improvedmodelingof
tip-gapflow and betterboundaryconditionsfor
computationalinlet/exitboundaries.Anotherareaof
researchthatholdspromiseis inmulti-stageaeroelastic
modeling.Withtheincreasedcomplexityof unsteady
aerodynamicsmodelingtherewillbeaneedtoimprove
thenumericalalgorithmssothatcomputationscanbe
completedwithreasonablecomputerresources.Thisis
especiallyimportantif theseadvancedaeroelastic
analysismethodsareto beusedin a design-oriented
manner,ratherthanonlyananalysistocheckthefinal
design.
Otherareasof ongoingandfutureresearchinclude
mistuningwhichoccursbecauseofsmallblade-to-blade
differences arising either through random
manufacturingdifferencesor, possibly,becausethey
wereintentionallyintroducedtoobtainimprovementin
aeroelasticcharacteristics.Mistuningmay have
significantimpactonbladedurability.Providingnew
methodsof dampingis especiallyimportantin new
rotordesignssuchasbliskswherethehubandblades
aremachinedfrom a singlepieceof metal,thus
eliminatingthe possibilityof introducingdamping
throughbladeattachments.Therefore,the areaof
dampingremainsanactiveareaof researchrelatedto
aeroelasticity.

WAVE ROTOR

Wave rotor technology offers the potential to increase

the performance levels of gas turbine engines (GTE)

significantly, within the constraints of current material

temperature limitations. The wave rotor is self-cooled
and is aerodynamically compatible with the low

corrected flow rates supplied by the core compressors

of modern aeropropulsion engines. It can be embedded
concentrically (Fig. 5) to increase overall engine

pressure ratio by a factor of three and peak temperature
by twenty-five percent, without increasing the

temperature of the rotating machinery. The

thermodynamic benefits offered by wave rotor topping

are substantial throughout a wide range of engine
classes.

Machine Description

The wave rotor comprises of a tip-shrouded rotor that is

surrounded by a stationary casing as shown in Fig. 6.

The casing endwalls are penetrated by inlet and outlet

ducts that port gases of different pressure and

temperature to and from the rotor flow annuli. The rotor

hub, tip-shroud, and blade surfaces define rotor
passages. Gasdynamic (shock and expansion) waves are

initiated as the rotor passages open and close to the

ported flows in a timed sequence set by the rotor speed
and azimuthal location and extent of the ports. These

waves compress and expand the gas as they propagate

through the rotor passages. In the simplest
configuration, the rotor blades are straight and aligned

with the axis of rotation and the net shaft power of the

machine is zero. The rotative speed is set by

aerodynamic design trades and the corrected tip-speeds
are typically low (e.g., 300 ills). Although the rotor

flow field is inherently unsteady, the port flows are

essentially steady and the wave rotor can be closely

integrated within other steady flow turbomachinery
components. In the GTE topping application, fresh air

from an upstream compressor enters the wave rotor
through the low pressure inlet port. This air is

compressed by shock waves as it traverses the rotor and

cools the passage surfaces. The compressed air is

discharged at the opposite end of the rotor to an
external burner at a pressure typically three times higher

than the compressor discharge pressure. The burner

exhaust gas reenters the wave rotor through the high

pressure inlet port. As it traverses the rotor, the hot gas
is expanded, it heats the passage surfaces, and is

discharged to a downstream turbine. A brief history of

wave rotor and a detailed description of the four-port
wave rotor shown in Fig. 6 are given in Ref. 10.

NASA/TM--2000-209652 5



Predicted Thermodynamic Benefits

Temperature-entropy diagrams for untopped (baseline)

and wave-rotor-topped engines are shown in Fig. 7. The

compressor pressure ratio, the burner energy addition,
and the turbine inlet temperature is the same for both

engines: however, because heat addition occurs at

higher pressures and temperatures in the topped engine,

and because the expansion and compression work in the

wave rotor are equal, the total pressure into the turbine

of the wave rotor topped engine is 15 and 20% higher

than that of the untopped engine. The higher availability
at the turbine inlet translates directly into increased

power and efficiency. For example, cycle studies

indicate that the specific power and specific fuel
consumption (SFC) of the 400 to 600 hp-class Allison-

250 turboshaft engine are enhanced by approximately

+ 18 to +20% and - 15 to - 16%, respectively. The output
power of auxiliary power units, with low (4:1)

compressor pressure ratios, can be enhanced by +200%
for the same fuel flow rate J_. Two approaches were

considered in the analysis of a 25 MW ground power

unit. In the first, the wave rotor topping cycle increased
power plant output by 14%, from 25 MW to 28.5 MW,

at the same fuel consumption rate. In the second, the

turbine inlet temperature of the wave-rotor-topped plant
was reduced 103 R (57 K) below that of the baseline

plant: the wave-rotor-topped plant power produced the

same 25 MW at the derated turbine temperature, while
consuming 9.7% less fuel. The reduction in turbine inlet

temperature could significantly extend turbine life.

Wave turbines, which are wave rotors designed to

produce net shaft power, promise even higher
performance enhancement levels J2.

Advantages Offered to Gas Turbine Engines

Self-cooling. The rotor passage surfaces are

alternatively washed by the relatively low temperature
compressor discharge and high temperature burner

discharge at frequencies much higher than the material
thermal-response-time. The rotor surface remains

substantially (e.g., 25%) cooler than the burner

discharge. This self-cooling feature thus enables the

wave-rotor-topped GTE to operate with hotter peak

engine temperatures without increasing turbine inlet
temperatures.

Low Rotative Speed. Typical wave rotor corrected tip-
speeds are a factor of five or six lower than those of

modern turbomachines and the rotors are shrouded. The

lower centrifugal stress levels can accommodate higher
rotor surface temperatures than acceptable in

unshrouded, high tip-speed machines: indeed, ceramic

rotors may be a viable design choice.

Low corrected flow. Tolerance-related losses associated

with small blading significantly challenge the
performance of core compressor aft stages. The wave
rotor is well suited to these low corrected-flows because

the discharge from the full annulus of the compressor

diffuser is ducted to the partial-annular port of the wave
rotor. This flow concentration allows for

aerodynamically efficient rotor passage geometries.

Furthermore, the rotor itself is shrouded so that tip
leakage losses are eliminated.

Rapid Transient Response and Stability. The wave rotor

responds (gasdynamically) to transients in adjacent
components within a couple of rotor revolutions. The

fast response is quite independent of its instantaneous

rotative speed, in contrast to turbomachinery

components that must spool up or down. The fast
response has been demonstrated in Brown-Boveri's

diesel engines supercharger named Comprex®: engines
fitted with the wave rotor respond faster to power
demand than do the same vehicles fitted a conventional

mechanical supercharger. Past research has suggested
that a wave rotor topping unit can enhance the dynamic

stability of the gas turbine engine. Calculations j3
showed the wave rotor to be stable and well behaved

during fuel and mass flow transients. More recently, a
numerical study _4showed that the wave-rotor-enhanced

engine indeed has less tendency to surge during rapid
fuel flow changes than do untopped GTEs. This

stabilizing feature may allow wave-rotor-topped engine

operation at reduced compressor stall margin.

Compact. The wave rotor is compact in the engine
topping application because it is introduced aft of the

compressor: the rotor length typically varies from one-
half to two times the rotor outer-diameter and the rotor

outer-diameter is typically about the same as those of

the adjacent compressor and turbine.

Critical Issues and Technical Challenges

The wave rotor component poses certain traditional
technical challenges due to its inherent unsteadiness and

geometry. Additional issues are posed when integrating
the wave rotor into the elegantly simple GTE flow path.

Component Design and Analysis. The wave rotor flow

field is inherently unsteady and has been historically
difficult to analyze. A suite of aerodynamic
design/analysis tools and design methods t5-18have been

developed at NASA Glenn to overcome this difficulty.

These computational tools have been successfully used
to design wave rotor geometries, to map on and off-

design wave rotor performance, to analyze wave rotor
transients, and to study inherently multi-dimensional
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flowfeaturesinsidetherotorpassages.Inparticular,the
one-dimensionaldesign/analysiscode has been
extensivelyvalidatedusingperlbrmancedatafrom
NASAGlennexperiments_,)._,0

Leakage. Leakage flows between the rotor passages and

the plenum between the rotor and casing have been

responsible for poor performance in pas! wave rotor

efforts. The leakage flows can be controlled by

minimizing the gap between the rotor and the endwall

and, when necessary, brush seals can be employed to
mitigate leakage _,l

Noise. The gasdynamic waves within the wave rotor

generate significant noise. The wave rotor noise issue

was successfully addressed by Brown-Boveri by

employing randomly pitched rotor blades; however, the

noise generated by a wave rotor embedded deep in a
GTE remains a research topic•

High Cycle Fatigue. Unsteady pressure loads are

established across the rotor blades as the rotor passages

open and close to the ported flows• The instantaneous

loading across the rotor can be as high as 3:1 at the
leading and trailing ends of the rotor. The sudden

loading and unloading is experienced by each rotor

blades several times per revolution; this can induce high

cycle fatigue. The rotor blade design must account for

the unsteady loading. Additionally, the potential

interaction between the wave rotor and adjacent
turbomachinery components must be considered.

Ducting. The wave rotor introduces a new component

to the GTE. Flow must be ported to and from the full

annuli of the adjacent conventional turbomachinery
components to and from the partial sectors of the wave

rotor. This ducting constitutes a major modification to
the GTE. Indeed the viability of wave rotor integration

in a certain GTE may depend upon the posed ducting

problems, including the maintainability and life of the
additional ducting. Current research includes

collaborative work with Rolls-Royce Allison to design

aerodynamically efficient transition ducting from the
wave rotor to the aownstream turmne ..... . A wave rotor

concept for on-rotor combustion, attempts to eliminate
• _4

the external burner and associated ductmg altogether-.

Thermal and Mechanical loads. Although wave rotor
topping does not increase the temperatures of the

rotating machinery, the engine peak temperatures and

pressures are increased considerably. These higher

temperatures and pressures impose significantly higher
thermal and mechanical loads on the hottest

components in the cycle• The associated weight penalty

is of particular significance to aeropropulsion engines

but may be less important for ground power units•

High-Pressure-'Turbine Cooling Air. The wave rotor

topping introduces an interesting problem: the

compressor discharge has insufficient pressure to
provide cooling to the first stage of the turbine:

therelore, the first stage cooling air must be extracted

from the wave rotor topping unit. This high pressure gas
is commensurately hotter and therefore more of it is

required for the same cooling requirements.

Turning the Rotor. As mentioned, optimum wave rotor

corrected tip-speeds are five to six times lower than

those of the adjacent turbomachinery. Optimized wave

rotors typically are of approximately the same diameter

of the upstream and downstream turbomachinery:
therefore, the wave rotor must spin at a much lower

rotative speed than that of the conventional gas

generator. In a power plant application, the rotor would

more likely be serf-driven. In this approach, the inlet

ports and guide vanes would provide the preswirl

needed to overcome windage and bearing losses.
Numerical simulations suggest this is a practicable

approach in terms of resulting wave rotor perlbrmance.

Alternatively, some type of mechanical lashing to the
high spool shaft can be envisaged because the wave

rotor spins slower than the adjacent turbomachinery by

a constant fraction (1/3) over the full topped-engine
operating range 25.

MAGNETIC BEARINGS

Magnetic bearings have the potential to eliminate
friction, reduce vibration of the engine shafts and

possibly improve the compressor stall margin.

This type of bearing can support a turbomachinery shaft

without any physical contact, eliminating mechanical
friction and wear. Consequently no lubrication system is

required for the machine, eliminating a major area of
maintenance and failure. For this reason one of the first

commercial application areas was in compressors for

natural gas pipelines in remote areas of Canada, where

low maintenance is important.

The basic operating principle is rather simple.

Electromagnets are arranged around a magnetic sleeve

on the shaft. Position sensors signal any lateral motion
of the shaft off the intended center line. A feedback

control system then sends more electric current through

the windings of the appropriate electromagnet to pull

the shaft back to center. Since this feedback system has

very fast response (less than milliseconds), the forces
exerted by the bearing can not only center the shaft but

can also counteract shaft vibrations, both rigid-body

modes (bouncing and tilting) and shaft flexible modes.
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Thebearingjustdescribedis aradialbearing,butan
axial,or thrust,bearingis alsoused.It worksona
similarprinciplebuthasadifferentandsimplershape.
Theelectricpowerrequiredbyamagneticbearingsized
foraturbineengineisonlyafewhundredwatts,andthe
totallossesof themagneticbearingsystemarefarless
thanthepowerexpendedinconventionalbearingsdue
to viscousdragin thebearingandin theoil pumping
andscavengingsystems.
A magneticbearingisconsiderablylargerthanarolling
elementbearing.However.if weconsidertheentire
systemincludingall auxiliarycomponents(e.g.,
controllerandpoweramplifiersfor magneticbearings
andpumps,coolers,sumpsandpipingfor rolling
elementbearings),themagneticsystemis expectedto
besmallerandlighterthantherollingelementsystemin
mostturbomachines.In a turbineenginethereare
typicallytwoconcentricshafts,andtwoormoreradial
bearingsandonethrustbearingareusedoneachshaft.
Fig.8 indicateswheretwo of the radialmagnetic
bearingswouldbeinstalledononeshaftinanengine.A
back-upor '+catcher"bearingwithanair gapis also
usednexttoeachmagneticbearingtocatchtheshaftin
caseofpowerlossorothermagneticbearingfailure.

Themajoradvantagesof magneticbearingsin turbine
enginesincludetheeliminationofthebulkyandfailure-
pronelubricationsystem,reductionof shaftvibration,
bettershaftcentering,higherrotationalspeeds,reduced
blade-tipand gas-sealwear,inherentrotor health
monitoringfromthebearingfeedbacksystemandin-
situ"balancing"of therotor.Higherperformancecan
beobtainedbecauseof thereducedtorquedragonthe
rotor, maintenanceof betterblade-tipand seal
clearance,lowercompressorbleedfbr bearingcooling
andnobleedfor oil seals.Greatersafetyresultsfrom
theabsenceof theoil systemandits manypossible
failurepoints.
Thereis a possibilitythatthemagneticbearingscan
further increaseperformanceby contributingto
compressorstallavoidance.Thiswouldbedonebyvery
smallamplitudewhirlingof theshaftin responseto
incipient stall gas-pressurefluctuations,thereby
changingblade-tipleakagepatternstocounteractthose
pressurefluctuationsandavoidstall.
Magneticbearingsaregainingacceptancein moreand
morerotatingmachineryapplications.Besidesthe
turbocompressorapplicationalreadymentioned,oneof
theearliestapplicationswasin turbomolecularvacuum
pumps.Theabsenceofoil contaminationofthevacuum
systemis importantthere,aswellaslonglifeathigh
shaftspeeds.Themajorityof turbomolecularpumpsare
now sold with magneticratherthanconventional
bearings.In the last severalyearsmanyother

commercialapplicationshaveoccurred,usuallyinone-
of-a-kindinstallationsmeantfortrialevaluation.These
includebearingsIbrhigh-speedmachiningspindlesand
for turbocompressorsor turboexpandersin
petrochemicalprocessingplants.

GlennResearchCenterandothersareworkingon
magneticbearingsfor aircraftturbineenginesandfor
high-speedenergystorageflywheelsfor spacepower
systems.Inthelatterapplication,magneticbearingsare
absolutelyessentialbecausetheflywheelsmustoperate
inavacuum(makingconventionalhigh-speedbearings
infeasible),andflywheelscannottoleratethehigher
levelof continuousdrainof storedenergythatwould
comefromconventionalbearingfriction.

Magneticbearingswiththeirassociatedcontrollersare
no morecomplexthanmodernspeed-or torque-
controlledmotors,whichareveryreliableandlong-
lived.A largeturbomachinewithmagneticbearingswill
belesscomplexthanonewithoil-lubricatedbearings,
withfarfewerexternalcomponents,enablingeasierand
cheapermaintenance.For advancedaircraftturbine
enginesin the2010timeframe,thereareanumberof
developmentareasrequiredto bringmagneticbearings
to an acceptabletechnologyreadinesslevel. The
expectedhighbearing-compartmenttemperaturesonthe
orderof 1000°F,whichvirtuallyruleoutconventional
bearings,canbetoleratedbymagneticbearings,but
requiretheuseof oxidation-resistantwirecoatingsand
ceramicinsulation.The insulation,in particular,
requiresmoredevelopment.

Forgroundpower,thepushtoever-highertemperatures
maynotbesofastasforflightapplications,butthegoal
of highercycleefficiencywill alwayspushin that
direction.GlennResearchCenterhasa newHigh
TemperatureMagneticBearingRigforresearchin this
area.Faulttoleranceisanotheractivearea.Forflight,
themajormotivatoris safetyof peopleandprotection
of expensiveequipment.Forgroundpower,thesafety
issueis differentandperhapseasierto satisfy,but
redundancyandotherfault-tolerantfeaturesarestill
required.Extracoilsandpoweramplifiersaretypically
usedtoincreasefault-toleranceandtoallowcontinued
operationevenwith somelevel of failure.Glenn
ResearchCenterhasa newFaultTolerantMagnetic
BearingRigtoexplorethebestuseof theseandother
approaches.Thecatcherbearingisalsopartofthefault-
tolerancepicture.In a groundsystem,it wouldcome
intoplayonlyif theotherfault-tolerancefeaturescannot
supporttherotor(i.e.withmultiplefailuresorgeneral
powerfailure).Thetypeof catcherbearingtobeused
dependsontheapplicationandthelikelihoodof failure,
aswellastheconsequenceor costof a failure.For
groundpowerapplicationsthis requirementis less
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severethanfor a single-enginefighteraircraftthat
wouldneedtofly toabaseafterafailure.Thecatcher
bearingforgroundpowermachinesmightbeassimple
asadry-lubricatedsleevebearing(withagap).

Someof thedifficultiesin applyingmagneticbearings
to turbineenginesareeasierto solvefor a power-
generatinggroundderivativeenginethanforanaircraft
engine.Forexample,therearenomaneuvercentrifugal
loadsorgyroscopicloadsinthegroundcase+leadingto
smallerbearings.Thefaulttolerancerequirementsmay
beeasiertosatisfy.Weightisnotdirectlyanissue.For
theseandotherreasonsit appearsthat magnetic
bearingsmightbe introducedintogroundderivative
enginesbeforetheyareusedinflightengines.
On theotherhand,low capitalcostmaybe more
importantfor groundpowersystemsand longer
operatinglife maybe required.Certainly,thereare
differencesin theengineoperatingconditions.The
groundengineoperatesathigherambientpressurebut
withoutinletramair. It is attachedto a generator
insteadof afan.andit probablyhasa moreconstant
speed.Otherdifferencesmayposeuniqueproblemsthat
will notbe solvedby aircraft-focusedresearchand
development.In anycase,thetwoapplicationareas
shouldcomplementeachother,withgroundsystems
benefiting,as in the past,from aircraftengine
development,andaircraftsystemsprobablybenefiting
fromtheintroductionof magneticbearingsintoground-
basedsystemsfirst.
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Figure 2: Flow streamlines over the blade tip for (a) sharp edge blade and (b) rounded edge blade, (Ref. 6).
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Figure 3: Rounded edge blade tip heat transfer coefficient (W/m21K) for 2.03 mm clearance and Tu=5%.

(a) measure and (b) calculated, (Ref. 6).
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